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Abstract

Graphene has a unique electronic structure and excellent tribological properties. A promising

method for graphene production involves depositing vaporized carbon on metal substrates, which

can also be used to modify graphene’s electronic structure through charge transfer. In this work,

graphene adsorption on the (111) surface of seven metals (Al, Cu, Ag, Au, Ni, Pd, and Pt) is

investigated computationally using density-functional theory with the exchange-hole dipole mo-

ment (XDM) dispersion correction. Two distinct graphene-metal orientations, corresponding to 0◦

and 30◦ relative rotation of the graphene layer, are considered to investigate how lattice mismatch

affects adsorption. Our results reproduce reference data from the random-phase approximation

more closely than any other dispersion-corrected density functional, confirming that XDM is an

excellent method for surface chemistry. The rotational orientation of graphene is found to strongly

affect its interaction with the substrate. There is an energetic drive for graphene to align with the

metal lattice, particularly for Pd and Pt, which causes the formation of multiple Moiré patterns, in

agreement with experimental observations.

1. Introduction

Graphene is a material that holds the potential to revolutionize the semiconductor industry.

Various applications have been proposed that utilize graphene’s unique two-dimensional electronic

structure [1–14]. Graphene has also been shown to be an excellent solid lubricant [14–16] that
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can reduce friction and wear in mechanical devices either through direct surface deposition or

as an additive to petroleum-based lubricants [11, 17]. While the original scotch-tape method for

graphene isolation [1] easily produces laboratory samples, it is not scalable for mass production.

Lack of a suitable mass-production method has hindered commercialization of graphene-based

technologies [6, 18], but several methods have showed promising results. One such method is

chemical vapor deposition (CVD) [19–22], where a carbon feedstock is vaporized to produce pure

carbon that is deposited on to a metal surface. Additionally, charge transfer from the underlying

metal substrate [22] provides a mechanism to tune graphene’s electronic structure through the

alteration of its valence band [23].

Graphene-metal systems have been extensively investigated experimentally [18, 24–38] to un-

derstand electronic and tribological properties as well as monolayer growth mechanisms. These

investigations have shown that graphene can either chemisorb, physisorb, or form a carbide phase

on the surface [18, 24]. Metals on which graphene chemisorbs or physisorbs are of the most

practical interest because the adsorbed graphene will retain its unique electronic structure.

The most promising substrates for graphene mass production are Cu and Ni. Not only are these

metals inexpensive, but their surface lattice constant is close to that of graphene. This excellent

lattice match results in a limited number of observed Moiré patterns and reliable formation of large

continuous graphene monolayers on the surface [39–43]. In particular, a CVD method using Cu

has shown promising results for graphene mass production [44]. Metals such as Pd [28–30], Pt

[27, 31–36] and Au [26, 35, 37, 38] have also been investigated for graphene synthesis, but their

lattice mismatch results in multiple Moiré patterns on single surface samples. Indeed, experiments

suggest that there exist an infinite number of Moiré patterns for Pt and Pd [28, 30–33]. In the

early stages of graphene patterning on Pd and Pt, local graphene domains will bind strongly to

the surface, but as the monolayer size increases, the overall surface-substrate interaction weakens

because of the lattice mismatch. Light emitting electron diffraction (LEED) experiments have

shown that strong surface-substrate interactions occur on Pd and Pt but depend on the rotational

alignment [29, 36], which has resulted in conflicting reports as to the nature of graphene-Pd/Pt

interactions.

Many previous publications have used density-functional theory (DFT) to investigate graphene
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adsorption on metal surfaces [42, 45–49]. Most studies employed the local density approximation

(LDA) because it predicts reasonable chemisorption geometries [29, 32, 50–54]. However, the

LDA is known to over-estimate chemisorption energies and under-estimate physisorption because

it does not include the physics of London dispersion. This results in narrow potential energy

surfaces (PES) at chemisorption distances, with only shallow binding at typical physisorption

distances, in disagreement with higher levels of theory, such as the random-phase approximation

(RPA) [48].

Functionals of the generalized-gradient-approximation (GGA) type combined with a disper-

sion correction are quite accurate for van der Waals complexes [55–60]. However, the majority

of these dispersion corrections are less reliable for metal surfaces due to the empirical nature of

the dispersion coefficients [61–66] and it has been argued that many-body effects may be impor-

tant for accurate modeling of surface adsorption [67]. Non-local van der Waals density function-

als (vdW-DF) [68–71] are typically more reliable for molecular physisorption on metal surfaces

[66, 72]. Several groups [46, 47, 49] have studied adsorption of graphene on multiple metals us-

ing vdW-DF functionals; however, there are massive differences between the results depending on

the base GGA functional used. For example, vdW-DF2 [71] (which uses revPBE [73]) predicts

weak physisorption on Cu and Ni, while vdW-DF2-C09 [74] predicts stronger chemisorption [47].

The best available theoretical reference data for graphene adsorption is a study using the random

phase approximation (RPA) by Olsen and Thygesen [48]. Though the RPA agrees with most ex-

perimental observations, the scope of this investigation was limited to a single Moiré pattern on

each studied metal that minimized lattice strain [48], which precludes prediction of the orientation

dependence [52].

This paper is the second part of a series [75] investigating graphene-metal adsorption using

DFT paired with the exchange-hole dipole moment (XDM) dispersion correction [60, 76–79].

The XDM model is a non-empirical dispersion correction that uses the electron density to generate

environment-dependent dispersion coefficients. As a result, XDM is uniquely suited to model dis-

persion interactions across a wide range of chemically diverse systems, such as molecular dimers

[78, 80], supra-molecular systems [81], organic crystals [82, 83], and most closely related to this

work, molecular physisorption [66]. The first part of this series was limited to graphene adsorp-
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tion on nickel, for which XDM was found to provide excellent agreement with both RPA reference

calculations and the experimental adsorption energy [75]. However, this is no guarantee that the

high accuracy of XDM will be transferable to modeling graphene adsoprtion on other metals.

In the present work, we have broadened our study to include six additional metals: Al, Cu, Ag,

Au, Pd, and Pt. The XDM results are found to more closely reproduce RPA interlayer distances

and adsorption energies [48] than other, previously-applied density functionals. Additionally, this

is the first dispersion-corrected DFT study to investigate graphene adsorption in two rotational

orientations, corresponding to 0◦ and 30◦ Moiré patterns. It is shown that the graphene-substrate

interaction strength is highly dependent on rotational orientation. The XDM calculations predict

particularly strong graphene-surface interactions in the 0◦ orientation for Pd and Pt, which explain

the experimental observation of multiple Moiré patterns with locally-ordered graphene domains.

Finally, our results suggest that larger units cells (impractical for DFT calculations) are needed to

properly model graphene-metal interactions for substrates with large surface-lattice mismatches.

2. Computational methods

The computational methods used here are consistent with our previous work on Ni(111)-

graphene [75]. All DFT calculations were performed using periodic boundary conditions with

the projector augmented wave (PAW) formalism [84] as implemented in Quantum ESPRESSO

[78, 85]. The exchange-correlation functional chosen was B86bPBE [86, 87], as it provides the

best accuracy when paired with the XDM dispersion model [66, 82]. An 8 × 8 × 1 Γ-centered

k-point grid was used, with a plane-wave cutoff of 60 Ry, a density expansion cutoff of 800 Ry,

and cold smearing [88] with a smearing parameter of 0.01 Ry.

The XDM dispersion energy is a post-SCF correction to the B86bPBE (base) energy:

E = Ebase + EXDM (1)

EXDM = −
1
2

∑
n=6,8,10

∑
i, j

Cn,i j fn(Ri j)
Rn

i j
(2)

In this equation, i and j run over atoms in the system, Ri j is the interatomic distance, fn is a damping

function that attenuates the dispersion correction at short range, and the Cn,i j are pairwise atomic
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dispersion coefficients. Each Cn,i j is evaluated using the multipole moments for the interacting

atoms arising from a reference electron together with its corresponding exchange-hole distribution,

as well as atom-in-molecule polarizabilities [60, 79].

In this work, calculations were performed for graphene adsorption on six metal surfaces: alu-

minum, copper, silver, gold, palladium, and platinum. Additionally, our previous results for nickel

[75] are reported again here for comparative purposes. All calculations for the Ni-group metals

used an initial spin-polarization, while those for Al and the Cu-group metals did not. All metals

considered have a face-centered cubic (fcc) crystal structure and adsorption of graphene on the

(111) surface was studied. Two different orientations, or Moiré patterns, were modeled to com-

pare how rotational orientation affects graphene-substrate interactions. These were constructed

using the (1 × 1) surface unit cell for the 0◦ orientation, where the lattice vectors of graphene’s

primitive cell align with the (111) metal surface’s primitive cell (Figure 1b and c). The (
√

3×
√

3)

surface unit cell was obtained by rotating the metal substrate by 30◦ relative to the graphene sheet

(Figure 1a). Both of these orientations have been established in previous works [45–48], with the

(1 × 1) cell commonly used for Ni and Cu and the (
√

3 ×
√

3) cell used for the remaining metals

to minimize lattice strain.

Geometries for graphene adsorbed in the 30◦ orientation and two of the possible structures

(top-fcc and fcc-hcp, using the common nomenclature [42, 46–48, 75]) for the 0◦ orientation are

illustrated in Figure 1. Calculations were also performed for the four remaining structures in the

0◦ orientation (bridge-fcc, bridge-hcp, bridge-top, and top-hcp). The larger (
√

3 ×
√

3) cell for

the 30◦ orientation results in a periodic graphene layer with eight carbon atoms per cell, as the

graphene unit cell is 2 times longer in each direction compared to the 0◦ orientation. The carbon

atoms are equally split over void and on-top sites, such that the interactions are degenerate upon

x-y translation, and only the structure shown in Figure 1(a) need be considered. In the following

sections, the geometries for each of these cells will be discussed using the cell lengths represented

in Figure 1. The relations between these quantities are: a1×1 = r, a√3×
√

3 = r
√

3, acubic = r
√

2,

where r is the nearest-neighbor metal-metal distance, acubic is the cell length of the conventional

(cubic) cell for the bulk metal (fcc), and a1×1 and a√3×
√

3 are the cell lengths of the (1 × 1) and

(
√

3 ×
√

3) cells, respectively, as depicted in Figure 1. The primitive cell length of graphene is
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Figure 1: Structure of graphene adsorbed on a (111) metal surface for (a) the (
√

3 ×
√

3) unit cell (30◦ rotation, see

text) and (b,c) two selected translational orientations in the (1× 1) unit cell (0◦ rotation). The metal top layer is shown

in light gray, the second layer is blue, and the third layer from the surface is green. Unit cells for the 0◦ and 30◦

rotations are shown in red.

(a) (
√

3 ×
√

3) (b) (1 × 1) fcc-hcp (c) (1 × 1) top-fcc

matched to the (1 × 1) cell on the metal surface, and a 2 × 2 graphene supercell matches the metal

surface’s (
√

3 ×
√

3) cell.

Potential energy curves for graphene adsorption were computed for all metals. As in our

previous work for nickel [75], the metal was represented by a six-layer slab and a cell 70 atomic

units long in the vacuum direction to separate each slab from its periodic image. The adsorption

energies are defined as:

Eads = −
[
Esurf+graph(aads) − Esurf(asurf) − Egraph(agraph)

]
, (3)

where Esurf+graph(aads) is the energy of the graphene plus metal system at its equilibrium geometry

(aads) in the chosen orientation, and Esurf(asurf) and Egraph(agraph) are the energies of the metal sur-

face and graphene at their respective minimum-energy geometries. Occasionally, two adsorption

energies are possible when chemisorption and physisorption minima coexist on the same potential

energy surface [75].

In addition, to allow direct comparison between the results for the (1×1) and (
√

3×
√

3) cells,

we define the constrained adsorption energy as:

Econs
ads = −

[
Esurf+graph(aads) − Esurf(a∞) − Egraph(a∞)

]
, (4)

where Esurf(a∞) and Egraph(a∞) are the energies of the infinitely separated metal surface and the

graphene sheet, constrained to have the same lattice constant (a∞). The sum of these two energies
6



is easily obtained as the surface lattice constant that minimizes the total value of Esurf(a)+Egraph(a),

where the surface and graphene energies are calculated independently. Relaxed, not constrained,

adsorption energies were reported in our previous study of graphene adsorption on nickel [75]. The

lattice strain energy is defined as the difference between the constrained and the relaxed adsorption

energies:

Estrain = [Esurf(a∞) − Esurf(a)] +
[
Egraph(a∞) − Egraph(a)

]
, (5)

The strain energy is always positive, and it is low compared to the constrained adsorption energy

only when graphene and metal surface have matching lattices in the selected orientation. Positive

adsorption energies indicate favorable adsorption relative to the separated surfaces.

Due to current limitations regarding the calculation of XDM forces for the particular case

of metal surfaces [75], the minimum-energy structures were determined by calculating multi-

ple adsorption potential energy surfaces, varying the surface lattice constants in 0.01 Å inter-

vals. Minimum-energy PES were obtained by performing quadratic fits to the energy as a func-

tion of surface lattice constant at every graphene-metal distance. This procedure determines

the minimum-energy surface lattice constant, graphene-metal distance, and adsorption energy.

Throughout the article, adsorption energies are reported in kJ/mol per carbon atom.

Finally, the extent of charge transfer between metal and graphene was investigated using

Bader’s Quantum Theory of Atoms in Molecules (QTAIM) [89, 90]. QTAIM atomic charges

were calculated using the Yu-Trinkle algorithm [91] (YT) implemented in the CRITIC2 program

[92]. The QTAIM charges for the carbon atoms of the adsorbed graphene sheet determine the

degree of charge transfer.

3. Results and Discussion

3.1. Lattice constants and adsorption energies

The computed lattice constants for graphene, the bulk metals, and adsorbed graphene are com-

pared to the available experimental values in Table 1. B86bPBE-XDM performs quite well for the

lattice constants of the bulk metals, with errors for the conventional (cubic) cell length of 0.06 Å

or less. Similarly, the errors are 0.08 Å or less for the (1 × 1) surface lattice constants.
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om

parison
of

calculated
and

experim
ental

bulk
and
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cubic

(fcc)
structure.
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both
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√

3
×
√
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unitcells.
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both
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configuration
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∞
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q.4).
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N
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isorption
and

physisorption
m
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a

are
present.A
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are
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in

kJ/m
olpercarbon

atom
.
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ulk

C
lean

surface
G

raphene
+

m
etal

a
expt
cubic [93]

a
cubic

a
expt
1
×

1
a

1
×

1
a
√

3
×
√

3
a

ads
1
×

1
a
∞1
×

1
E

strain
1
×

1
a

ads
√

3
×
√

3
a
∞√

3
×
√

3
E

strain
√

3
×
√

3

A
l

4.050
4.001

2.86[94]
2.855

4.946
2.721

2.722
75.6

4.931
4.930

0.1

C
u

3.615
3.576

2.56[95]
2.555

4.425
2.520

2.520
4.1

–
4.671

–

A
g

4.086
4.081

2.89[96]
2.944

5.100
2.818

2.817
116.1

5.030
5.023

4.8

A
u

4.078
4.136

2.88[26]
2.956

5.120
2.858

2.858
128.4

5.045
5.049

4.9

N
i

3.524
3.462

2.49[97]
2.477

4.291
2.481,2.466

2.464
0.0

–
4.574

–

Pd
3.890

3.933
2.75[28]

2.806
4.856

2.751
2.726

66.9
4.865

4.868
1.8

Pt
3.923

3.968
2.78[98]

2.822
4.887

2.787,2.760
2.760

78.1
4.878

4.881
1.1

G
raphene

(calc.)
2.474

4.948

G
raphene

(expt)
2.46[99]

4.92
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For the (1 × 1) cell, the lattice constants for the graphene-metal system are typically below

the optimum values for the clean metal surface to reduce the lattice strain from stretching the

graphene C-C bonds. The lattice mismatch between graphene and the metal surface results in

highly stretched C-C bonds for Al, Ag, Au, Pd, and Pt in this orientation, which results in ex-

tremely high strain energies for these metals. As a result, previous DFT studies have all used a

rotated (
√

3 ×
√

3) unit-cell, corresponding to the 30◦ Moiré pattern, for all metals except Cu and

Ni [45–48]. For this cell, the strain within the graphene sheet is minimized, with the C-C bonds

stretched no more than 0.04 Å relative to their equilibrium values. In the (
√

3 ×
√

3) orientation,

the lattice constants for the graphene-metal system are quite close to the optimum values for the

clean metal surfaces and the strain energies are low (5 kJ/mol or less) compared to their (1 × 1)

counterparts. However, consideration of only the (
√

3 ×
√

3) precludes prediction of interaction

energies for an adsorbed layer with direct carbon-metal contacts, as occur for several orientations

of the (1 × 1) cell. Graphene adsorption on Cu or Ni was not studied with the rotated (
√

3 ×
√

3)

unit cell due to the lack of experimental evidence of its existence and the highly compressed C-C

bonds that would result from this geometry.

Table 2 shows the calculated constrained and relaxed adsorption energies for all metals and

orientations. The results for Ni are reproduced from our previous study and are included for com-

parison, while all other results are original to the present work. In agreement with the lattice

constants and strain energies in Table 1, the (1×1) orientation is stable for Ni and Cu only, and the

(
√

3×
√

3) is favorable for the rest of the metals. Importantly, only nickel and platinum present ad-

sorption energies higher than the exfoliation energy of graphite [49, 75, 78] (experimental value =

5.1 kJ/mol [100]). The group 11 metals all show relatively low stabilization relative to the graphite

exfoliation energy (Cu, 2.9 kJ/mol; Ag, 2.1 kJ/mol; Au, 1.5 kJ/mol). However, for a real surface,

the graphene can adopt rotational orientations with much longer periodicity, or the surface can

undergo reconstruction, to further reduce the lattice strain. Unfortuately, such orientations cannot

be modeled practically with DFT methods due to the very large unit-cell dimensions required.

As is common practice in DFT studies, the remainder of this work will focus on the constrained

adsorption energies, which should provide a more representative view of the local graphene-metal

interactions.
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Table 2 shows striking differences in the graphene-metal interaction strengths between metals

in group 10 and 11. Whereas Ni and Cu have similar constrained adsorption energies (slightly

larger for Ni), Pt and particularly Pd show a strong tendency towards chemisorption that is absent

in their group-11 counterparts (Au and Ag, respectively). Despite this, the lack of a suitable

orientation makes Pt and Pd unable to bind graphene strongly, due to the very high strain energy.

These results serve to reconcile some of the experimental observations [29, 36] where Pt and Pd

show either weak or strong adsorption, depending on the orientation (see Section 3.6). It should

also be noted that both the graphene and the Pd and Pt surfaces are severely distorted in the 1 × 1

orientation, which may increase their reactivity (although the same effect is not observed on Ag

and Au).

3.2. Potential energy surfaces

Computed B86bPBE-XDM PES for adsorption of graphene on all seven metals are shown in

Figure 2 for all six orientations of the (1 × 1) cell and for the (
√

3 ×
√

3) cell. To compare the

behavior of all orientations in the same plot, constrained adsorption energies are used. The dotted

lines correspond to orientations with significant lattice strain (which would otherwise appear at

much higher energies). As shown in the Supplementary Material, the dispersion contribution to

the PES is effectively independent of the orientation. Hence, the differences in the PES between the

various orientations are primarily due to differences in the direct C-metal contacts and the extent

of d-band hybridization and charge transfer (Section 3.4) arising at the base-functional level.

For the (1×1) cell, the PES in Figure 2 show local chemisorption minima for all three Ni-group

metals in the top-fcc, top-hcp and bridge-top orientations. For Pd, there is also chemisorption in

the bridge-fcc and bridge-hcp orientations, although it is significantly weaker. As noted in our

previous study on the Ni surface [75], chemisorption is made possible by the direct C-metal atomic

contacts, as are present for top-fcc, top-hcp and bridge-top. However, only physisorption is seen

for the fcc-hcp orientation, in which graphene C atoms are all above surface voids. Chemisorption

similarly does not occur for the (
√

3 ×
√

3) unit cell, for which the adsorption PES are nearly

equivalent to the fcc-hcp curves for Pd and Pt. Therefore, it is the graphene-carbon interaction,

or lack thereof, that results in the presence of a chemisorption minima for the Ni-group metals,
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likely arising from the hybridization between the graphene p orbitals and the d band of the metal

surface. Although the chemisorption minima are relatively much deeper for Pd and Pt than for Ni,

the lattice mismatches prevent clean monolayer formation on these metals.

For Al and the Cu-group metals, the PES in Figure 2 show no chemisorption minima. Com-

pared to the Ni-group metals, the d bands of the Cu-group are lower in energy relative to the

Fermi level, which precludes hybridization with graphene’s p orbitals. Therefore, the differences

between the six possible (1 × 1) orientations are much smaller than for the Ni-group, with the

net adsorption energies varying by 0.5-0.6 kJ/mol C between the various orientation for Al and

Cu. These differences increase somewhat for the other two members of the group, with a spread

between the most- and least-stable orientations of 1.0 kJ/mol C for Au and 1.5 kJ/mol C for Ag. It

is more energetically favorable for the carbon atoms to lie directly above the surface atoms rather

than the void sites, resulting in deeper PES for the top-fcc, top-hcp and bridge-top orientations

than for the fcc-hcp orientation, in which there are no direct C-metal contacts (Figure 1). The

(
√

3 ×
√

3) PES are significantly more shallow than the (1 × 1) PES for Al and Ag. As will be

shown in Section 3.4, this is due to the significant surface-substrate charge transfer that occurs

in the (1 × 1) cell for Al and Ag at the physisorption minima. Al and Ag have the lowest work

functions of the series of metals considered.
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Table 2: Constrained (Econs
ads , Eq. 4) and relaxed (Eads, Eq. 3) adsorption energies for all metals and orientations in this

work. The “Type” column indicates whether the entry is a physisorption (P) or chemisorption (C) minimum. Negative

energies reflect that the orientation is not energetically stable. The maximum constrained and relaxed adsorption

energies for each metal are indicated in bold. The units are kJ/mol per carbon atom.

Al Cu Ag Au

Orientation Type Econs
ads Eads Econs

ads Eads Econs
ads Eads Econs

ads Eads

1 × 1 bridge-fcc P 4.2 -71.4 6.8 2.6 9.1 -107.0 7.2 -121.2

1 × 1 bridge-hcp P 4.3 -71.3 6.7 2.6 9.1 -107.1 7.2 -121.3

1 × 1 bridge-top P 4.4 -71.3 7.0 2.8 9.6 -106.5 7.5 -120.9

1 × 1 fcc-hcp P 4.1 -71.6 6.5 2.3 8.4 -107.8 6.7 -121.7

1 × 1 top-fcc P 4.2 -71.4 7.1 2.9 9.9 -106.3 7.7 -120.7

1 × 1 top-hcp P 4.6 -71.0 7.0 2.9 9.7 -106.4 7.6 -120.8
√

3 ×
√

3 P 3.2 3.2 — — 6.9 2.1 6.4 1.5

Orientation Type Ni Pd Pt

Econs
ads Eads Econs

ads Eads Econs
ads Eads

1 × 1 bridge-fcc C — — 10.2 -56.7 — —

P 8.0 8.0 — — 6.9 -71.3

1 × 1 bridge-hcp C — — 9.8 -57.1 — —

P 8.0 8.0 — — 6.8 -71.4

1 × 1 bridge-top C 7.3 7.3 20.5 -46.5 14.6 -63.5

P 8.3 8.3 — — 7.3 -70.9

1 × 1 fcc-hcp P 7.5 7.5 6.7 -60.2 6.4 -71.8

1 × 1 top-fcc C 7.8 7.8 16.3 -50.7 7.8 -70.3

P 8.5 8.5 — — 7.6 -70.6

1 × 1 top-hcp C 6.5 6.5 14.9 -52.0 5.9 -72.3

P 8.4 8.4 — — 7.2 -71.0
√

3 ×
√

3 P — — 6.3 4.5 6.8 5.7
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Figure 2: Computed B86bPBE-XDM PES for adsorption of graphene on selected metals in the (
√

3 ×
√

3) cell and

all six possible orientations of the (1 × 1) cell. The left column shows results for the Ni-group metals, while the

right column shows results for Al and the Cu-group metals. Constrained adsorption energies are used in this plot (i.e.

metal and graphene are forced to have the same surface lattice constant at infinite separation). The orientations with

significant lattice mismatch, which would be much higher in energy if the relaxed adsorption energies were used, are

shown as dotted curves.
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3.3. Dispersion and periodic trends

Optimal B86bPBE-XDM graphene-metal interlayer distances and metal-carbon C6 dispersion

coefficients are reported in Table 3. The C6 dispersion coefficients are the main factor that de-

termines the equilibrium distances and adsorption energies at the physisorption minima. The op-

timum interlayer distances for the physisorption minima are nearly degenerate for each periodic

row, due to the similar atomic sizes. Al has the lowest C6 coefficient, resulting in the lowest ph-

ysisorption energy and the largest interlayer distance. The C6’s, optimum interlayer distances, and

binding energies generally increase down the periodic groups, with the exception of Au and Pt, for

which the C-metal C6 and graphene adsorption energy are lower than for Ag and Pd, respectively.

This is due to relativistic effects, which cause Au/Pt to be significantly more electronegative than

Ag/Pd, resulting in a lower polarizability and weaker dispersion attraction [66, 101].

Ni and Pt display both chemisorption and physisorption minima, while graphene only chemisorbs

on Pd. This occurs because of a combination of a higher base-functional contribution to the adso-

prtion PES due to d-band hybridization and charge transfer (see Section 3.4) and a lower dispersion

contribution to the adsorption energy due to a smaller C-metal C6 coefficient for Pd (Table 3). For

metals with both chemisorbed and physisorbed minima, the C6’s are typically smaller for the for-

mer, because of the partial positive charge on the surface atoms that result from metal-graphene

charge transfer. Lastly, the carbon-metal dispersion coefficients are slightly larger for physisorbed

minima in the (1 × 1) cell than for the (
√

3 ×
√

3) cell due to the larger lattice constants in the

former, which result in stretched C-C bonds.

3.4. Charge transfer

QTAIM results for the extent of metal-to-graphene charge transfer are presented in Table 4.

Generally the extent of charge transfer is inversely related to the graphene-surface distance, with

the 1 × 1 bridge-top orientation giving the largest charge transfer, followed by 1 × 1 top-fcc. In

our previous work on Ni, only the chemisorbed orientations showed significant charge transfer

[75] and the present results indicate negligible charge transfer for all physisorption minima in the

(
√

3 ×
√

3) cell. However, considerable charge transfer is seen for several physisorption minima

in the (1 × 1) unit cell of metals other than Ni, particularly for Al and Ag (which have the lowest
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Table 3: Calculated B86bPBE-XDM carbon-metal C6 dispersion coefficients (in a.u.), minimum-energy interlayer

distances (in Å), and constrained adsorption energies (in kJ/mol C) for both (1 × 1) and (
√

3 ×
√

3) surface unit cells

of selected metals. Chemisorption states are denoted with a C and physisorption states are denoted with a P.

Metal Orientation Type C6 (a.u) d (Å) Econs
ads (kJ/mol C)

Al 1 × 1 top-hcp P 34.7 3.48 4.6
√

3 ×
√

3 P 36.4 3.75 3.2

Cu 1 × 1 top-fcc P 42.8 3.22 7.1

Ag 1 × 1 top-fcc P 61.2 3.06 9.9
√

3 ×
√

3 P 59.4 3.31 6.9

Au 1 × 1 top-fcc P 60.3 3.22 7.7
√

3 ×
√

3 P 56.5 3.41 6.4

Ni 1 × 1 top-fcc C 39.3 2.22 7.8

1 × 1 top-fcc P 44.1 3.15 8.5

Pd 1 × 1 bridge-top C 38.6 2.12 20.5
√

3 ×
√

3 P 43.1 3.24 6.3

Pt 1 × 1 bridge-top C 45.9 2.10 14.6

1 × 1 top-fcc P 54.3 3.22 7.6
√

3 ×
√

3 P 51.5 3.44 6.8

work functions), indicating that the stretched C-C bonds make charge transfer more favorable.

This result explains why the PES in Figure 2 show significantly less binding for Al and Ag in the

(
√

3 ×
√

3) configuration as compared to (1 × 1) fcc-hcp.

Pd has the largest charge transfer of all metals; taken together with its relatively low dispersion

coefficient (Table 3) and its readiness to form covalent bonds to graphene’s p orbitals, this explains

the presence of only a single deep chemisorption minimum for most (1×1) orientations. Generally,

charge transfer from the metal is proportional to the interlayer distances and adsorption energies,

with Pd>Pt>Ni. LEED studies have previously shown evidence of strong interactions between

graphene and these metals in commensurate orientations [29, 31, 36]. Additionally, a tribology
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Table 4: Charge transfer from the metal to the graphene layer (per C) obtained from QTAIM analysis of the B86bPBE

electron densities.

Metal Type bridge-fcc bridge-hcp bridge-top fcc-hcp top-fcc top-hcp
√

3 ×
√

3

Al P 0.019 0.020 0.022 0.018 0.020 0.024 0.008

Cu P 0.003 0.003 0.004 0.003 0.005 0.004 –

Ag P 0.021 0.021 0.022 0.023 0.023 0.021 0.008

Au P 0.008 0.008 0.009 0.007 0.010 0.010 0.000

Ni
C – – 0.054 – 0.047 0.042 –

P 0.003 0.003 0.003 0.003 0.004 0.003 –

Pd
C 0.044 0.043 0.051 – 0.043 0.040 –

P – – – 0.004 – – 0.000

Pt
C – – 0.049 – 0.028 0.024 –

P 0.000 0.000 0.000 0.001 0.001 0.000 -0.006

experiment [36] involving graphene on platinum has shown graphene interacts more strongly with

the metal substrate under stress, suggesting that greater charge-transfer is achievable with even

closer graphene-metal contacts.

3.5. Comparison with previous theory

Previous density-functional studies of graphene adsorption limited their scope to the (1×1) cell

for Cu and Ni and the (
√

3 ×
√

3) cell for other metals in order to minimize C-C bond distortion.

Our B86bPBE-XDM results for the minimum-energy graphene-metal separations and constrained

adsorption energies are compared with selected results from previous theoretical studies in Table 5.

Literature data is reported for the RPA [48], two vdw-DF functionals [47] and the LDA [46, 48].

Table 5 shows that B86bPBE-XDM is in the closest agreement with RPA [48] for both inter-

layer distances and binding energies. This adds to our previous results showing excellent agree-

ment between B86bPBE-XDM and the RPA for graphene adsorption on Ni [75] and for graphite

exfoliation [75, 78].
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Table 5: Constrained adsorption energies (Econs
ads in kJ/mol C) and interlayer distances (d in Å) for graphene on selected

metal surfaces. Data for Cu and Ni is given for the top-fcc orientation of the (1× 1) cell while all other metals use the

(
√

3×
√

3) cell. The B86bPBE-XDM results are from the present work, except for Ni, where the values are correspond

to the chemisorbed minimum from Ref. 75; all other results are from the literature. Two sets of LDA results are given,

using either relaxed [46] or experimental lattice parameters [48].

LDA [46, 48] vdw-DF2 [47] vdw-DF2-C09 [47] RPA [48] B86bPBE-XDM

Al
d 3.44, 3.46 – – 3.51 3.75

Eads 2.41, 2.80 – – 5.02 3.25

Cu
d 2.21, 3.21 3.73 2.94 3.09 3.22

Eads 3.38, 6.95 4.44 5.98 6.56 7.05

Ag
d 3.22, 3.32 3.73 3.23 3.31 3.31

Eads 2.89, 4.34 4.05 5.11 7.53 6.90

Au
d 3.32, 3.35 3.69 3.29 3.22 3.41

Eads 2.99, 3.28 4.73 5.69 9.17 6.40

Ni
d 2.00, 2.08 3.68 2.07 2.19 2.22

Eads 11.87, 18.14 4.25 13.60 6.75 7.79

Pd
d 2.33, 3.00 3.59 2.92 3.34 3.24

Eads 4.15, 7.62 5.02 6.95 8.68 6.34

Pt
d 3.25, 3.35 3.71 3.24 3.42 3.44

Eads 3.18, 3.47 5.21 6.56 8.10 6.81

The LDA tends to under-estimate the adsorption energies relative to both B86bPBE-XDM

and the RPA for physisorption, as expected due to the neglect of dispersion. Additionally, the

LDA predicts chemisorption minima for Cu and Pd, which are not present with either B86bPBE-

XDM or the RPA, and the chemisorption energy on Ni is significantly over-estimated. The two

sets of LDA results differ significantly depending on whether relaxed lattice parameters [46] or

experimental lattice parameters [48] were used in the calculations.
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While several authors [46–48] have performed calculations on these systems with the original

vdw-DF1 method [102], we focus on the more-recent vdw-DF2 [71] and vdw-DF2-C09 [74],

which are typically more accurate [103]. The vdw-DF2 results appear to systematically under-

bind, predicting longer interlayer distances and lower adsorption energies than B86bPBE-XDM

or the RPA. Conversely, vdw-DF2-C09 significantly under-estimates the interlayer distances and,

like the LDA, drastically overestimates the energy for graphene chemisorption on Ni.

3.6. Connection with experiment

Our calculations along with previous experimental results [28–34, 36], and one LDA study

[52], suggest that the interaction between graphene and both Pd and Pt is strongly dependent on

the graphene-metal orientation. Our calculated adsorption energies in Table 2 explain conflicting

experimental observations that graphene forms both strong [28] and weak [30] interactions with

the Pd surface. Notably, Murata et al. [29] observed a strong dependence on rotational orientation;

the 30◦ orientation interacts weakly with the surface and the interaction strength is proportional

to the alignment between the substrate and surface lattice constants. Similarly, it has been found

that the lattice mismatch results in formation of graphene ripples on Pt surfaces, leading to strong

local interactions [27, 31, 33, 36], but weak interactions overall [32, 34]. While our results predict

strong chemisorption of graphene in the bridge-top orientation of the (1 × 1) cell, the energy

penalty due to C-C bond strain is prohibitive for graphene to adopt this orientation globally, in

agreement with experiment [33]. However, our results suggest that strong chemisorption behavior

is possible locally between individual carbon and Pd/Pt atoms, or between small domains with

favorable atomic alignment. For physisorbed orientations of graphene on Pt, the global average

interlayer distance was found to be 3.30 Å [32], which is intermediate between the distances of

3.21 Å and 3.44 Å for the (1 × 1) and (
√

3 ×
√

3) cells predicted by B86bPBE-XDM (Table 3).

In contrast to the Ni-group, the constrained results in Table 2 show that graphene physisorbs on

each of the coinage metals regardless of the rotational orientation on the surface. This is consistent

with LEED and STM experiments that have shown that graphene interacts with copper and gold

weakly [37, 38, 95, 104, 105]. Also, the (1 × 1) constrained adsorption energies are generally

greater than for the (
√

3 ×
√

3) cell (Table 2). This is in agreement with experiments showing that
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graphene prefers the strained 0◦ orientation instead of the less-strained 30◦-rotated Moiré pattern

on Au. To minimize the C-C bond strain, the graphene sheet is observed to fold into a herringbone

orientation [37, 38].

Our results suggest that there is a significant energetic drive for graphene to adopt an aligned

on-top orientation on a substrate’s surface. This interaction drives the initial Moiré structure forma-

tion until the graphene sheet grows large enough so that either the surface or graphene reconstruct

globally to minimize the C-C bond strain, as occurs on Pd, Pt, and Au.

4. Summary

This paper studied graphene adsorption on seven different (111) face-centered cubic metal

surfaces (Al, Ni, Pd, Pt, Cu, Ag, and Au). The 0◦ orientation, corresponding to a (1 × 1) surface

unit cell was studied for all seven metals, using six different graphene-metal geometries (top-

fcc, top-hcp, fcc-hcp, bridge-top, bridge-hcp, and bridge-fcc, in the usual nomenclature [42, 46–

48, 75]). In addition, the 30◦ orientation, corresponding to a (
√

3×
√

3) surface unit cell, was also

studied for all metals except Ni and Cu. The exchange-hole dipole moment (XDM) dispersion

correction combined with the B86bPBE functional was used, and our calculations were compared

to previous theoretical and experimental observations. In particular, excellent agreement is found

between B86bPBE-XDM and reported RPA adsorption energies and graphene-metal distances.

Our results show that graphene-substrate interactions depend both on rotational orientation

and lattice commensurability. Ni and Cu have lattices that match graphene in the (1 × 1) surface

unit cell, whereas the remaining metals match with graphene in the (
√

3 ×
√

3) cell. Surface

adsorption is strongly unfavorable in the incommensurate orientations due to the high lattice strain.

Experimentally, graphene can adopt rotational orientations with longer periodicity to reduce this

lattice strain. However, to obtain proper energy rankings of Moiré patters on these substrates,

much larger unit cells than can be efficiently modeled with DFT are required.

To quantify physisorption and chemisorption effects as a function of graphene-metal distance,

the lattice strain energy was eliminated from the adsorption energy by taking the graphene and

metal contributions to correspond to an infinitely separated graphene sheet and metal surface,

constrained to have equal lattice constants. This “constrained” adsorption energy is largest in the
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(1 × 1) unit cell, which maximizes direct on-top contacts between the graphene carbon atoms and

underlying surface metal atoms. The results for the (1 × 1) cell showed that Pt displays both

physisorption and chemisorption minima for the top-fcc, top-hcp, and bridge-top orientations.

This behavior is similar to Ni, although the chemisorption interaction is stronger on Pt. Only

chemisorption minima occur for Pd in the on-top orientations due to greater charge transfer and

weaker dispersion interactions relative to Pt. Conversely, only physisorption is observed for the

noble metals and Al, where there are only small energy differences on the order of ∼ 1 kJ/mol C

between the various (1×1) orientations. In the rotated (
√

3×
√

3) cell, only physisorption minima

are present for all metals considered. Because half of the graphene carbon atoms reside over voids,

the (
√

3 ×
√

3) adsorption PES resemble those for the fcc-hcp orientation of the (1 × 1) cell. The

dispersion coefficients and adsorption-energy contributions are nearly invariant with respect to

both graphene rotation and lateral translation, indicating that the changes in PES arise due to the

presence or absence of direct C-metal contacts.

Our results indicate that there is a strong driving force for graphene to align with the surface,

particularly for the Ni-group metals. This explains the observation that the 0◦ Moiré pattern is

dominant on gold despite the high degree of C-C bond strain. Experimentally, it appears that

the graphene’s lattice strain is reduced by adoption of a herringbone orientation on the surface

[37, 38]. The energetic drive for local surface-substrate alignment, along with incommensurate

graphene-metal lattice constants is the likely cause for formation of multiple Moiré patterns on

metal surfaces. In particular, the combination of the strong chemisorption seen on Pd and Pt in the

incommensurate (1×1) cell and weak physisorption in the commensurate (
√

3×
√

3) cell explains

experimental observations that graphene has multiple Moiré patterns on Pd and Pt, forming strong

interactions locally, but weak interactions globally [29, 30, 33–35].
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